Abnormalities in the process of endocytosis are classically linked to malignant transformation through the deficient downregulation of signaling receptors. The present study describes a non-classical mechanism that does not require internalization by which endocytic proteins affect cell migration and basement membrane invasion. Specifically, we found that the endocytic adaptor epsin binds and regulates the biological properties of the signaling molecule
RalBP1 (Ral Binding Protein 1). Epsin interacted with the N-terminus of RalBP1 via its characteristic Epsin N-Terminal Homology (ENTH) domain.
A combination of siRNAmediated knock-down and transfection of siRNA-resistant constructs in fibrosarcoma cells demonstrated that impairment of the epsin-RalBP1 interaction led to cell migration and basement membrane invasion defects. We found the ENTH domain was necessary and sufficient to sustain normal cell migration and invasion. Because all epsin's endocytic motifs reside in the C-terminal part of the molecule, these results suggest that this novel regulatory circuit does not require endocytosis. In addition, cells depleted of epsin-RalBP1 complex displayed deficient activation of Rac1 and Arf6 suggesting a signaling function for this novel interaction. Further, overexpression of either epsin or RalBP1 enhanced migration and invasion of fibrosarcoma cells. Collectively, our results indicate that epsin regulates RalBP1 function in Rac1-and Arf6-dependent pathways to ultimately affect cell migration and invasion. We propose that the observed upregulation of both epsin and RalBP1 in certain cancers contributes to their invasive characteristics.
It is widely accepted that the processes of endocytosis and signaling are intimately linked (1) (2) (3) . Further, it is now recognized that internalization can lead to both the termination and initiation of signaling events (3) . Consequently, abnormalities in endocytosis are expected to affect signaling pathways and therefore, to contribute to the onset of diseases, particularly cancer (1, 4) .
Signaling termination by endocytosis is a straightforward concept based on the removal and destruction of cell surface signaling complexes (3) . As predicted by this mechanism, deficiencies in the downregulation of Receptor Tyrosine Kinases (RTKs) are known to contribute to signaling deregulation that leads to malignant transformation (4) . In addition to termination, endocytosis can also lead to signaling activation. This notion recognizes the existence of signaling activity originated in the endosomal compartment ("Signaling endosome" hypothesis, see ref (2) for a review).
One of the well-known signaling pathways requiring endocytosis for its activation is the cell fate determination Notch pathway (5) . It is well established that the endocytic protein epsin is essential for triggering this pathway, i.e., Notchligand internalization (6, 7) . Further, abnormalities in the regulation of the Notch juxtacrine signaling system are associated with tumor formation (8) .
Importantly, the epsin family of endocytic adaptors has also been found to lead to signaling activation via another mechanism that does not require receptor internalization. Specifically, we discovered that in Saccharomyces cerevisiae, cell polarity-dependent processes such as cell division rely on epsin function integrity (9, 10) . We found this signaling role of epsins to be dependent on the interaction of the ENTH (Epsin N-Terminal Homology) domain with GTPase Activating Proteins (GAPs) for the RhoGTPase and cell polarity-organizer protein Cdc42 (9, 10) . However, whether this epsin signaling function was conserved in mammals remained to be established.
By combining siRNA-mediated knock-down and transfection of siRNA-resistant constructs, we show here that epsins are required for the cell polarity-dependent process of cell migration and invasion. Complementary experiments indicated that overexpression of epsins enhanced fibrosarcoma migration and invasion through the basement membrane. Our results also demonstrated that this novel role of epsins in cell migration and invasion depends on the interaction of their ENTH domain with the N-terminus of the Cdc42/Rac1 GAP and signaling molecule RalBP1 (Ral Binding Protein 1). Further, our data suggest that this novel epsin-mediated migration/invasion pathway does not require receptor internalization but involves Arf6 and Rac1 activation. We propose that the observed upregulation of either epsins or RalBP1 in certain cancers contributes to their invasive characteristics.
Experimental Procedures
Cell Lines, culture conditions and reagents-HT1080 and NIH3T3 cell lines were acquired from ATCC. Cells were cultured in DMEM, streptomycin/penicillin, 2mM L-glutamine and 10% fetal bovine serum (HT1080) or 10% calf serum (NIH3T3). For fibronectin stimulation, surfaces were coated with bovine plasma fibronectin (Biomedical Technologies) for 2h at 37°C. Transfections of siRNA and plasmid DNA were carried-out as previously described (11) with RNAiMax (Invitrogen) and TransIT-LT1 (Mirus) reagents, respectively. Details about siRNAs, plasmids, and antibodies used in this study can be found in Supplemental Tables 1-3 .
Immunofluorescence-For colocalization analysis, cells were extracted at 4°C for 45sec in 30mM Hepes pH 7.4, 100mM KCl, 5mM MgCl 2 , 5mM EGTA, 0.03% saponin and then fixed in ice-cold 3% formaldehyde in PBS. Cells were immunolabeled and imaged as previously described (11) .
Protein binding assays-Immunoprecipitation: Cells were lifted and re-seeded on dishes coated with 10µg/mL fibronectin at low density for 3h in order to promote adhesion and cell motility. Plates were rinsed with 4°C PBS and cells lysed with 400µL/plate ice cold lysis buffer: 50mM Tris-HCl pH 7.5, 1% IGEPAL, 100mM KCl, 100mM NaCl, 5mM MgCl 2 , 2mM EGTA, 1mM DTT, 1mM Na 3 VO 4 , 1mM NaF and Complete Protease Inhibitor (Roche). Lysates were pre-clarified and immunoprecipitations were carried-out for 1h at 4°C using BSA-blocked beads. Beads were then washed three times with lysis buffer and boiled in protein sample buffer. Epitope tagged proteins were immunoprecipitated with anti-HA, anti-Flag, or anti-myc EZ-view Red affinity beads (Sigma),. GFP-tagged proteins were immoprecipitated with the indicated antibodies pre-bound to protein Asepharose (Zymed) and endogenous proteins were immunoprecipitated with indicated antibodies prebound to protein G-sepharose (Zymed).
In vitro binding assays: Bacterially produced recombinant proteins were purified according to standard protocols in PBS, 0.1%Tween, 5% glycerol, 1% BSA. 7µg of GST or GST-RalBP1 fusion protein was immobilized on glutathione beads and incubated with 1-5µM His 6 -ENTH (WT or YTQV) in the presence or absence of PtdIns(4, 5)biphosphate diC4 (Echelon) for 1h room temperature. After washing, beads were boiled in protein sample buffer. SDS/PAGE and immunoblotting were carried out as described before (11) .
Surface Plasmon Resonance (SPR) experiments-
Binding experiments using SPR technology were conducted according to standard procedures (12) . Briefly, purified GST-RalBP1 was immobilized to a Biacore 3000 chip and 5.5 to 0.028µM His 6 -ENTH1 was flowed on the RalBP1 chips and binding in resonance units (Ru) was measured. Dissociation was measured upon flow of buffer onto preformed [ENTH1•RalBP1] complex on the chip. Association (k on ) and dissociation (k off ) kinetic constants were estimated by non-linear regression and the interaction affinity was calculated as K d = k off /k on .
Cell migration and invasion assays-Migration assays: 10 4 cells were trypsinized and recovered in complete media for 1h. Cells were applied on 8μm-pore transwell inserts (Corning Inc) coated with 100μg/mL BSA and 10μg/mL fibronectin on the upper and bottom side of the insert membrane, respectively. Inserts were placed in wells containing complete media and allowed to migrate for 4h (NIH3T3) or 2.5h (HT1080) before fixation in 3% formaldehyde. Cell migration was quantified as described previously (11) . Alternatively, membranes were stained with 0.1% Crystal Violet in 200mM Hepes pH 6.5 for 5min, rinsed and dried. Stain was then extracted for 5min in 10% acetic acid and the absorbance measured at 560nm.
Invasion assays: Cells were resuspended at 3x10 5 cells/mL in DMEM, penicillin/streptomycin, and 0.5% BSA. Invasion through Basement Membrane-coated filters (Cell BioLabs) was allowed for 20h and quantified as described above.
GTPase activation assays-HA-Arf6-transfected cells were resuspended as described above and incubated an additional 1h in media containing 0.2% BSA before seeding on 5µg/mL fibronectin for 5-10min after attachment. Cell were lysed and Arf6 was pulled-down VHS+GAT domain as previously described (13) .
To assay Rac1 activation, cells were seeded on fibronectin-coated plates as with Arf6 activation experiments. Cells were lysed and activated Rac1 was pulled-down with GST-PAK CRIB domain according to (14) .
RESULTS

Epsin ENTH domain directly interacts with the Nterminus of RalBP1-
We asked whether the epsin novel regulatory function on RhoGTPase signaling (9,10) would be conserved in mammals and what cellular processes would be under its control. First, we sought to test if mammalian ENTH domain interacts with RhoGAPs. We considered the Cdc42/Rac1 GAP RalBP1 (Ral Binding Protein 1) as a likely epsin-binding candidate because it is involved in endocytosis of the same cargoes as the epsins (15, 16) , interacts with epsin-binding elements of the endocytic machinery (AP2 and Reps2/POB1; refs. (17, 18) and has been found in complexes with epsin1 (17, 19) . RalBP1 is a ubiquitously expressed, plasma membraneassociated protein (20, 21) , involved in drug resistance (22, 23) and NIH3T3 fibroblast migration (14) .
In agreement with previous reports, and supporting the idea of epsin-RalBP1 interplay, we observed that RalBP1 could be coimmunoprecipitated with all epsin paralogs from human HT1080 cell lysates (Fig. 1A ) and mouse NIH3T3 (data not shown). Further supporting the existence of this interaction in vivo, we successfully immunoprecipitated endogenous epsin2 with endogenous RalBP1 from HT1080 and NIH3T3 lysates (Fig. 1A) . Given that the ENTH domain of epsin binds RhoGAPs in Saccharomyces cerevisiae (9,10), we tested whether recombinant and purified ENTH domain from rat epsin1 (epsin1 ) could directly interact with purified GST-RalBP1 fusion protein. As shown in Fig. 1B GST-RalBP1, but not GST, was able to pull-down the ENTH domain in a dose dependent manner. Further, the direct interaction between purified proteins was confirmed using Surface Plasmon Resonance (SPR; Fig. 1B , lower panels) and analytical ultracentrifugation (data not shown). The SPR experiments yielded an affinity (K d ) value of 0.2μM for the ENTH domainRalBP1 interaction (Fig. 1B lower panels) . This affinity lies within a range of binding strength described for proteins involved in endocytic and signaling regulatory networks (24, 25) . In agreement with known RhoGAP-ENTH domain interactions (9,10), our results showed that binding of ENTH to RalBP1 is impaired by mutations in the Y101, T105-loop7 ENTH domain regions (Y101R, T105D, Q110A and V112A) (Fig. 1C) . It should be noted that the ENTH domain is the region with highest homology among epsin paralogs (> 74% identity, including strict conservation of the Y101-T105 and loop 7 regions).
Using co-immunoprecipitation and deletion constructs, we mapped the epsin-binding region to the N-terminal end of RalBP1 (Fig. 1D) . Interestingly, the N-terminus of RalBP1 is also involved in binding to another element of the endocytosis machinery (and epsin interaction partner): the adaptor complex AP2 (17) . These results suggest that the RalBP1 N-terminal region is important for its association with the endocytic machinery. (27) . Therefore, we asked whether the novel interaction between epsins and the membrane-located RalBP1 is affected by PtdIns(4,5)P 2 . Our experiments indicated that the presence of PtdIns(4,5)P 2 improved RalBP1 binding by the ENTH domain (Fig. 1C) . This result suggests that the RalBP1-epsin interaction would preferentially occur at the plasma membrane where both proteins and PtdIns(4,5)P 2 are significantly enriched (20, 28) . In fact, RalBP1 partially co-localized with GFP-ENTH in peripheral membrane structures (Fig. 2B) suggesting that in vivo, this novel interaction occurs at the plasma membrane. Further, full length epsin also co-localized with RalBP1 in peripheral and puncta structures (e.g. GFP-epsin2; see Fig. 2A ). In all cases, we noted that colocalization accounted for approximately 30% (i.e.; limited to a subset) of RalBP1-positive structures (Fig. 2C) . We observed that colocalization appeared to be a dynamic process and was enhanced in migratory cells or following cell stimulation with serum or by adhesion to fibronectin substrates (data not shown).
Epsin and RalBP1 colocalize in peripheral membrane structures-
Epsins and RalBP1 are required for cell migration of fibroblasts and fibrosarcoma cells-Since
RalBP1 plays a crucial role in NIH3T3 fibroblast motility (14) and is upregulated in invasive tumors (22, 29) , we asked whether the novel RalBP1-epsin interaction was involved in cell migration. In order to address this question, we used a knockdown/rescue strategy. Specifically, we depleted either RalBP1 or epsins and transfected WT or mutated forms of each protein in both NIH3T3 fibroblasts and HT1080 fibrosarcoma cells. Epsin3 has been reported to be expressed only in migrating keratinocytes and basal carcinomas (30) . Since, we confirmed that neither NIH3T3 nor HT1080 cells expressed epsin3 (Supplemental Fig.  1A ), this epsin paralog was not targeted for knockdown. The efficiency of the knock-downs and protein levels of transfectants were verified by immunoblotting (Supplemental Fig. 1B-D) .
In agreement with previous reports (14), RalBP1 knock-down in NIH3T3 cells led to a significant impairment in their ability to migrate through fibronectin-coated transwell filters (Fig.  3A, B) . Similar results were obtained in human HT1080 fibrosarcoma cells (Fig. 3C) . Importantly, this phenotype was specifically due to RalBP1 deficiency as siRNA-resistant full length RalBP1 was able to re-establish cell migration (ref. (14) and Fig. 3B, C) . We also found that RalBP1 lacking a region that includes the ENTH-binding site (ΔNT) was not capable of sustaining normal cell migration in RalBP1-depleted cells (Fig. 3B,  C) . Interestingly, we found that the epsin1-and epsin2-double knock-down cells also exhibited migration deficiencies (Fig. 3) . Ruling-out offtarget effects, siRNA-resistant full-length epsin1 was capable of rescuing the migration phenotype of epsin-depleted cells (Fig. 3B, C) .
Although RalBP1/epsin knock-down affected cell migration stimulated by adhesion onto fibronectin-coated substrates (Haptotaxis) and by soluble ligands (Chemotaxis), we determined that effects on haptotaxis were more severe than on chemotaxis (Supplemental Fig. 2 ). This observation is in agreement with the described role of RalBP1 in Rac1 activation and cell migration following cell adhesion (14) . Therefore, we adopted a haptotaxis scheme for our cell migration experiments.
We also found that single epsin knock-down had a more moderate effect on cell migration than the double epsin1 and 2 knock-down (data not shown), supporting the idea that epsins are redundant in their role in cell migration. This observation is not completely unexpected considering the shared ability of the different epsin paralogs to bind RalBP1 (Fig.1) through the highly conserved, RalBP1-binding, ENTH domain (30, 31) . Consistently, the ENTH domain (i.e., the RalBP1-binding unit) was necessary and sufficient for rescuing these phenotypes (Fig. 3B, C) . It should be noted that the epsin determinants involved in endocytosis are located in the Cterminal region of the molecule (see Fig. 1D ), i.e., absent in the ENTH domain construct (epsin1 ). We also found that simultaneous knock-down of epsins and RalBP1 showed no additive effects over the independent knock-down of the targets (Supplemental Fig. 2B ). This result indicates that epsins and RalBP1 are not in parallel pathways, further supporting the idea that their interaction is directly involved in sustaining cell migration. Therefore, our results suggest that the ENTHspecific function in cell migration does not require endocytosis. In fact, we found that the internalization of β1-Integrins, which is most likely to play a role in haptotaxis, was not significantly affected in either epsin or RalBP1 knock-down (Supplemental Fig. 3A) . Since epsin has been implicated in EGF receptor internalization, we studied the uptake of fluorescently tagged-EGF. Our results indicate that internalization of TMR-EGF is not affected in cells expressing GFP-ENTH compared to GFPtransfectants (Supplemental Fig. 3C and D) .
Further supporting the role of the ENTHRalBP1 interaction in cell migration, mutations in the RalBP1-binding region (ENTH YTQV ) render the ENTH domain unable to rescue the phenotype (Fig. 3B, C) . Furthermore, an epsin truncation lacking the ENTH domain (ΔENTH: epsin1 ) cannot alleviate the cell migration defects (Fig.  3B, C) .
We also reasoned that, since epsin depletion by siRNA-mediated knock-down typically leaves approximately 10-20% residual dose of epsins (see Supplemental Fig. 1 ), increasing the intracellular concentration of RalBP1 will raise the levels of [epsin•RalBP1] complex by mass action (i.e., by a "high-copy suppression" mechanism). We predicted that if the epsin-RalBP1 interaction was involved in cell migration, then the elevated levels of the [epsin•RalBP1] complex should lead to the suppression of the phenotype. Indeed, epsin knock-down cells transfected with RalBP1 displayed less severe migratory defects (Fig. 3B) . The same rationale was applied to RalBP1-depleted cells expressing epsin with similar results (Fig. 3B) . Interestingly, epsin or RalBP1 overexpression on their own led to enhanced cell migration by fibrosarcoma cells (Fig. 3D) .
Epsin is required for proper activation of Rac1
and Arf6-The RhoGTPase Rac1 controls the actin re-arrangements required for cell migration and invasion (32). RalBP1's effect on Rac1 activation status depends on the balance between its Rac1GAP inhibitory function (21, 33) and the Arf6-mediated activation of Rac1 initiated by RalBP1 recruitment of the Arf6-GEF ARNO (14) . We hypothesized that epsin binding would tilt the balance between these opposing functions of RalBP1. Specifically, since it is known that epsin binding inhibits GAP activity (9), we speculated that epsin binding would favor RalBP1/ARNOmediated activation of Arf6 and consequently Rac1 activation as well ( (14) and Fig. 4A ). Therefore, we tested the prediction that epsininterference would affect the levels of GTP-bound (i.e., activated) Arf6 and Rac1 (Fig. 4A) .
In agreement with this hypothesis, epsin knock-down led to deficiencies in [HA-Arf6•GTP] levels as detected by pull down with the Arfbinding region of GGA3 (Fig. 4B) . As expected (14) , similar results were obtained for RalBP1 knock-down (Fig. 4B) . Further, the cell migration deficiencies displayed by either epsin or RalBP1 knock-down cells were rescued by overexpressing an activated, fast cycling, mutant of Arf6 (Arf6 T157A : Arf6 TA ) or its GEF ARNO (Fig. 4C) . Epsin-depleted cells also exhibited decreased levels of activated Rac1 as measured by pull-down with the CRIB (Cdc42 and Rac Interactive Binding) domain of PAK1B and by in cellula determination with Rac1 biosensors (Fig. 4 and Supplemental Fig. 4, respectively) .
The epsin-RalBP1 interaction is required for HT1080 invasion through basement membrane-
Since cell migration is fundamental to cancer cell invasion and metastasis, we investigated whether interference with the novel epsin-RalBP1 interaction would affect the ability of the fibrosarcoma cell line HT1080 to invade through basement membrane. We performed invasion assays towards a gradient of serum using transwell filters coated with basement membrane (Fig. 5A) . Results mirrored those obtained for cell migration, as knock-down of either RalBP1 or epsins impaired the ability of HT1080 cells to invade through basement membrane (Fig. 5A, B) . Expression of siRNA-resistant epsin, ENTH domain or RalBP1 rescued the cell invasion deficiency, ruling out off-target effects (Fig. 5B) . In contrast, HT1080 knock-down cells expressing epsin or RalBP1 variants impaired for the ability to form the [epsin•RalBP1] complex showed a significant decrease in their ability to invade through basement membrane (Fig. 5B) . Collectively, these results indicate that the epsinRalBP1 interaction is required for fibrosarcoma invasion through basement membrane (Fig. 5A,  B) . Since fluorescent gelatin-degradation assays showed no significant difference between epsin-or RalBP1-depleted and control cells (data not shown), we conclude that the invasion defects described above are mostly due to cell migration abnormalities. Importantly, we also found that over-expression of RalBP1 or epsins, particularly epsin 2 and 3, enhanced the invasiveness of this human fibrosarcoma (Fig. 5C) .
DISCUSSION
This study is the first to report a direct and essential role of the epsin family of endocytic adaptors in cell migration and invasion through basement membrane. Moreover, our results suggest that this novel epsin function does not require membrane internalization, but is dependent on binding to the Cdc42/Rac1 GAP RalBP1 and affects the activation of Arf6 and Rac1.
Knock-down experiments revealed that depletion of epsin impaired cell migration and invasion (Figs. 3 and 5) . Importantly, rescue experiments with siRNA-resistant constructs confirmed the specificity of the knock-down results and ruled out off-target effects (Figs. 3 and  5) . These results indicate that analogous to RalBP1 (14) , epsins are involved in cancer cell migration. In fact, epsin1 and epsin2 are enriched in the leading edge of migratory cells (34) and our results extend those observations to migrating HT1080 fibrosarcoma cells ( Fig. 2A, inset) . Furthermore, previous studies showed that epsin3 expression is upregulated in migrating keratinocytes (30, 35) . Interestingly, we found that overexpression of epsins enhanced both migration and invasion of fibrosarcoma cells (Figs. 3D and  5C ). These observations are particularly relevant considering that epsins have been recently found to be upregulated in some non-small cell carcinomas and breast cancers (35, 36) . In contrast, endocytic proteins such as Numb and Reps2/POB1, are downregulated in malignant cells suggesting a suppressor function (37, 38) . However, the endocytic and epsin-interacting protein Intersectin, can induce malignant transformation, and similar to epsin, it affects RhoGTPase-and Ras-signaling pathways (39) .
Although it is known that endocytosis is required for cell migration (1, 40, 41) , our results are the first to implicate the epsins in this process. Importantly, the epsin ENTH domain (i.e., lacking the main endocytic determinants) was necessary and sufficient to fulfill this novel epsin function (Figs. 3-5) . However, whereas full length epsin over-expression showed significant ability to enhance both migration and invasion in HT1080 cells, the isolated ENTH domain showed weak or nonexistent effect (Figs. 3D-5C ). We speculate that the lack of endocytic determinants makes PtdIns(4,5)P 2 binding the main localization determinant for the ENTH domain. As expected, the ENTH domain showed preferential localization to the leading edge and membrane ruffles where PtdIns(4,5)P 2 is found broadly enriched (Fig. 2B) . Therefore, we hypothesize that even when the ENTH domain was "diluted" over a more extensive membrane area overexpression was enough to render a critical concentration at specific sites to act upon RalBP1 and to sustain cell migration. Our results also indicate that the ENTH membrane "dilution" rendered its effective concentration at specific RalBP1's sites insufficient to enhance cell migration above normal levels. Since we have observed that the Cterminal end of epsin significantly contributes to protein localization (Fig. 2) , we speculate that epsin full length potency relies on its superior protein targeting capabilities. However, we cannot rule out a potential role of C-terminal determinants in a yet-to-be-determined pro-migration/invasion activity.
We envision that although the endocytic properties of epsin are not critical for its role in migration/invasion, its localization at endocytic sites might be important. Further, the dual role of epsin in signaling and endocytosis also provides a novel mechanism for the synchronization of these processes in time and space (Fig. 6 ).
Our data indicate that the critical role of the ENTH domain in cell migration and invasion is mediated by its interaction with RalBP1 (Figs. 3  and 5) . Specifically, epsin constructs competent for RalBP1-binding (i.e., epsin full length and ENTH domain) were capable of alleviating the migration/invasion abnormalities due to epsin knock-down whereas an N-terminal truncation (ΔENTH) was not (Figs. 3 and 5) . Along the same lines, full-length RalBP1, but not the epsin binding-impaired RalBP1ΔNT, rescued the cell migration deficiencies triggered by RalBP1 depletion (Fig. 3B) . Further, a "high-copy suppression" strategy designed to enhance the formation of the [epsin•RalBP1] complex in knock-down background by mass action, also alleviated the cell migration phenotype due to protein depletion (Fig. 3B) . In agreement with a role in cell migration, co-localization between the interaction partners could be detected in peripheral ruffle-like structures (Fig. 2) . Further, colocalization and immunoprecipitation of epsin with RalBP1 were feasible only following stimulation for cell migration. Although the ENTH-RalBP1 interaction displays a reasonable affinity, similar to other interactions involved in trafficking and signaling, it is likely to be subjected to constant regulation to ensure its transient characteristics in order to be suited to dynamic processes such as cell migration. In fact, we believe that the transient character of the interaction and the low abundance of epsinRalBP1 complex were responsible for the weak signals detected by immmunoprecipitation.
The novel epsin-interacting protein RalBP1 has been found to be overexpressed in invasive cancer (29) and thoroughly demonstrated to play an important role in processes such as cell detoxification (23) , cell survival (42) and embryo development (43, 44) . RalBP1 has been previously linked to endocytosis of the same RTKs as epsin (15, 16) and has been found in complexes containing endocytic proteins such as AP2, Reps2/POB1 (17, 18) and epsin1 (19) . Further, RalBP1 has been involved in promoting epsin1 regulation by Cdk1 phosphorylation (19) . Since RalBP1 is also a known GAP for Cdc42 and Rac1 (21, 33, 45) , our results support the idea that in mammals, like in yeast, epsins can affect cell polarity-dependent processes by binding RhoGTPase GAPs (9, 10) . Moreover, we have been able to detect the [epsin•RalBP1] complex and verify its role in cell migration using other cell lines such as HeLa and Huvec (BGC and RCA unpublished observations), suggesting that this novel interaction is ubiquitous.
RalBP1 is known to have dual effects on Rac1 activation: i) As a GAP it leads to GTPase inactivation. ii) As an R-Ras effector it activates Rac1 via an Arf6-dependent pathway, through the recruitment of the Arf-GEF ARNO (Fig. 4A) . Since the consequence of the epsin-GAP interaction is the inhibition of GAP activity (9), we hypothesized that upon epsin binding, the Arf6-mediated activation of Rac1 should be predominant (Fig. 4A) . Therefore, we predicted that interference of the epsin-RalBP1 interaction will lead to decreased levels of activated Rac1 (due to unrepressed RalBP1 GAP activity) and Arf6 (due to diminished R-Ras-dependent ARNO binding by RalBP1). Our results indeed confirmed these predictions (Fig. 4A, B and Supplemental  Fig. 4) . Further supporting our hypothesis, bypassing of the Arf6 deficiency (by overexpressing Arf6
T157A or the Arf6-GEF ARNO) re-established normal cell migration in both epsin and RalBP1 knock-down cells (Fig. 4C) . These results suggested that, similar to RalBP1 knockdown ( (14) and Fig. 4 ), epsin depletion leads to Arf6-dependent cell migration defects. Altogether, our results indicate that the absence of [epsin•RalBP1] complex leads to Arf6 activationdeficiency, lack of Rac1 activation, and cell migration and invasion abnormalities.
Consistent with the idea of a link between the endocytic machinery and GTPase regulators, other endocytic adaptor proteins have been described to recognize GAPs, e.g., the ARFGAP SMAP2 by AP180 (46), the RasGAP Dab2IP by Dab1/2 (47, 48) and CamGAP by CIN85 (49) . These findings along with our own, suggest that GTPase regulation by endocytic proteins might be a generalized mechanism in cellular signaling.
This study reports a novel functional link between the endocytic machinery and the processes of cell migration and invasion. The relevance of these findings for cancer research is two-fold:
On one hand, our data provide a new mechanism likely to contribute to the invasiveness of cancers that display upregulated levels of epsins and/or RalBP1. On the other hand, this work points to these proteins as suitable targets for the development of therapeutics, particularly for control of metastatic cancers. In fact, RalBP1 regulation is already considered a feasible target for new anticancer therapies (22, 50) . Our studies showed that epsins, similar to RalBP1, are also involved in motility of and invasion by malignant cells suggesting a role for epsins in tumor growth and metastasis. Upon binding, epsin inhibits RalBP1 GAP activity and promotes Rac1 activation which is required for cell migration. B. Lysates from mock or siRNA-treated HT1080 were used for CRIB or GGA3 (VHS+GAT) pull-down experiments to determine the levels of activated Rac1 and Arf6, respectively. C. RalBP1 and epsin KD cells were transfected with GFP, HA-Arf6 T157A (TA) or Myc-ARNO. Transwell migration was determined as in Fig. 3A and compared to controls. Statistical significance was determined by the t-test with Bonferroni correction (**: p<0.05/6). Epsin interaction with RalBP1 leads to GTPase activation and signaling at sites of endocytosis (see text and Fig. 4A for details) . Scheme does not depict all known interactions between the proteins represented in the cartoon, and not all interactions depicted occur at the same time.
